Charge flipping with powder diffraction data is known to produce a result more reliably with high-resolution data, i.e. visible reflections at small d spacings. Such data are readily accessible with the neutron time-of-flight technique but the assumption that negative scattering density is nonphysical is no longer valid where elements with negative scattering lengths are present. The concept of band flipping was introduced in the literature, where a negative threshold is used in addition to a positive threshold during the flipping. However, it was not tested with experimental data at the time. Band flipping has been implemented in TOPAS together with the band modification of low-density elimination and tested with experimental powder and Laue single-crystal neutron data.
Introduction
The charge-flipping algorithm (Oszlá nyi & Sü to , 2004; Oszlá nyi & Sü to , 2008) for direct methods structure determination was initially targeted at single-crystal data, but its application to structure solution from powder diffraction data was a disruptive development. The ease and speed at which it could solve a structure was unprecedented and led to its inclusion in a number of software packages. The basic algorithm described by Oszlá nyi & Sü to , 2004 , 2008 is deceptively simple. A number of modifications such as the tangent formula (Coelho, 2007) and low-density elimination (Shiono & Woolfson, 1992) improved the success rate with low-resolution data (powder diffraction data are necessarily low resolution because of the limited number of observations), but the success rate was increased where intensity could be detected out to very low d spacing. Limiting the d-spacing range of the data makes the charge-flipping process extremely sensitive to the starting parameters, minor changes to flipping thresholds and perturbations, having major effects on the probability of success.
Time-of-flight (TOF) neutron diffraction data can access extremely low d-spacing reflections and the lack of a form factor for neutrons means that detectable intensity can often be detected to below 0.4 Å , even in powder diffraction data. One potential obstacle is that some elements do have negative scattering lengths (e.g. H, Li, Mn, Ti), while the assumption that negative electron density is nonphysical forms the basis for the charge-flipping algorithm. The conventional chargeflipping algorithm works very well with TOF neutron data but negative scattering elements are invisible. In anticipation of the problems negative neutron scattering lengths would cause, Oszlá nyi & Sü to suggested a variant they called band flipping (Oszlá nyi & Sü to , 2007), where a negative threshold (À) was used in addition to the positive one () to determine whether the density would be flipped. The algorithm was tested with calculated neutron data and, although found to be less efficient than conventional charge flipping in identifying the positive scattering density, it could identify the positions of negative scattering elements at the same time as the positive elements. To the authors' knowledge band flipping has never been tested with experimental neutron diffraction data, but Palatinus et al. (2011) successfully applied band flipping to synchrotron data with sparse densities after modifying SUPERFLIP (Palatinus & Chapuis, 2007) .
Although a number of elements do exhibit negative scattering lengths, they are usually smaller than the scattering lengths of the accompanying positive scattering elements (e.g. O, N). The band-flipping algorithm as described by Oszlá nyi & Sü to (2007) used a symmetrical band centred on zero. Subject to the elements present in the structure, some advantage may be gained by using an asymmetric band depending on the magnitudes of the largest positive and negative scatterers.
Additional modification to charge flipping
In the case of charge flipping from powder data, TOPAS (Coelho, 2015) uses the diagonally normalized A matrix, which we will call D, from the Pawley refinement to modify normalized structure factors E h calculated during the chargeflipping process; this produces better results than using reflections output in a SHELX format. Equation (1) 
h;k I obs;k . The subscripts h and k correspond to reflections h and k, respectively, and the summation in k is over all reflections. I calc,k and I obs,k correspond to observed and calculated intensities. Equation (1) modifies the calculated intensities to include intensities from overlapping peaks. When there is no overlap D i,i = 1 and D i,j = 0 and the calculated intensities as well as E h are not modified.
When using the direct-methods tangent formula within the charge-flipping process as described by Coelho (2007) , the D matrix is also used to modify E h values used in triple-phase relationships as shown in equation (2):
where
k . E obs, h and E calc, h correspond to tangent formula E h values calculated from the observed and calculated intensities, respectively. E calc, h is typically not used in the tangent formula; however, intensities used for determining E obs, h can be grossly in error owing to peak overlap. Equation (2) therefore influences triple-phase relationships by weighting E obs, h by q h : When there is no overlap q h = 1, resulting in no modification. When there is significant overlap then q h is small and the influence of triple-phase relationships using the h reflection is reduced. Equation (2) also includes a (1 À q h ) portion of E calc, h , thus stating that when there is significant overlap the calculated E h is to be considered more trustworthy than the observed E h . Equation (2) corrects for errors in E h when I obs is similar to I calc ; this assists in reducing the goodness of fit value, thus enhancing the chances of solving the structure.
Experimental and results
The testing was done in a beta version of TOPAS V6. The ability to use macro language to define a modified flip equation was already in place in previous versions. Some additional keywords were added to enable direct modification of the nuclear density after flipping. A modified 'band density elimination' similar to that described by Palatinus et al. (2011) could then be implemented to better define the atom positions after flipping by resetting to zero all densities between À LDE and + LDE . It was not found to be very effective in the examples given here but is possible and could prove useful with other datasets.
The choice of a suitable threshold value () is important to the success of the technique. In the original 2004 paper of Oszlá nyi & Sü to a fixed fraction of a typical light atom electron density was used, but this has been updated to the relationship = k, where k is a defined value and is the standard deviation of the density map (Oszlá nyi & Sü to , 2008). The threshold used by TOPAS for standard charge flipping is calculated as a certain fraction of the maximum charge density, = k max . Symmetrical band flipping uses À and + as the boundaries whichever way is calculated. Asymmetric band flipping uses the same value of for the positive nuclear density ( positive = k positive max ), but a different value for the negative nuclear density ( negative = k negative min ). This can be accomplished via a custom macro, but a native implementation using the flip_neutron keyword to define the value of k negative and force the use of neutron scattering lengths was added for improved computational efficiency. The optimum values of k positive and k negative will depend on the scattering lengths of the elements in the sample and the quality of the data. Lower-quality data will yield more poorly defined atoms and noisier density maps, usually requiring a larger value of k negative in order to obtain a decreasing residual and reduced oscillation during the flipping process. Currently, determining the optimal k negative value is a trial and error process, whereupon the residual decreases during the flipping iterations, and the minimum/maximum nuclear densities in tests correspond to those expected from the elements present.
The band-flipping algorithm was tested on two datasets where each structure contained an element with a negative scattering length in the form of Mn (À3.73 fm) or H (À3.74 fm). Lower-resolution powder data were collected from the POWGEN TOF diffractometer at the Spallation Neutron Source (Huq et al., 2011) from the Mn-containing analogue of Fe(TCNE) 2 ÁzCH 2 Cl 2 (TCNE is tetracyanoethylene; z = 0.3) (Her et al., 2007) . Mn(TCNE) 2 ÁzCH 2 Cl 2 exhibits magnetic ordering at low temperature and knowing the nuclear structure is a prerequisite to solving the magnetic structure. The input for the band flipping was the least-squares short communications A matrix from a Pawley refinement of POWGEN data covering a 1 Å bandwidth around a 2.665 Å centre wavelength. With the detector coverage at the time of collection (2012) this corresponded to a d-spacing range of 1.15-6.50 Å . Datasets from this sample were also collected using centre wavelengths of 1.566 and 4.797 Å , leading to an overall d min of 0.57 Å and d max of 10.23 Å . The Pawley refinement of the shorter-wavelength band was limited to a d min of 0.89 Å as no discernible reflections were visible below that value. The particular data chosen for the charge flipping excluded a single long d-spacing reflection but still produced better results than combining the hkl reflections from all the datasets.
The typical X-ray charge flipping in TOPAS, including the flip_regime_2 perturbation (Coelho, 2015) and low-density elimination, yielded the expected framework of TCNE with the canted octahedra of nitrogen atoms seen by Her et al. (2007) , but the location of the Mn was empty as the negative scattering density was ignored. The flip_regime_2 perturbation applies the modification = ( À x) 3 / max 2 to the charge density in addition to the flipping algorithm, where the value of x is usually ramped from 1 to zero. Using this approach the solution (minus the Mn atom position) was usually achieved in <100 iterations.
When asymmetric band flipping and low-density elimination were employed, the Mn within the octahedra could be located, as seen in Fig. 1 . After optimizing the value for flip_neutron (0.52 in this case) a solution could sometimes be obtained in 100 iterations ($3 s on a dual-core i7-powered laptop), but frequently significantly more iterations would be required because of significant oscillations with the low-resolution dataset. The map of negative density for the powder data is complicated in this case by the presence of an unknown amount of disordered hydrogenous CH 2 Cl 2 solvent, but by analogy with Fe(TCNE) 2 the Mn atom was expected to be octahedrally coordinated to six nitrogen atoms.
A very high resolution dataset in the form of a TOF Laue single-crystal dataset from the TOPAZ diffractometer at the Spallation Neutron Source (Schultz et al., 2014) was collected from a single crystal of scolecite, CaAl 2 Si 3 O 10 Á3H 2 O (Kvick et al., 1985) . The input for the band flipping was in the form of a single SHELX HKL4 file with 23 206 reflections (d min = 0.5 Å ) where absorption and extinction corrections had already been applied. Owing to the lack of noise in the density maps, lowdensity elimination was not required in this case and the optimal flip_neutron value was 0.35. A solution was obtained very rapidly each time, including the locations of the hydrogen atoms in the water molecules, as shown in Fig. 2 .
In order to determine whether the use of asymmetric bands was beneficial in the TOPAS implementation of the method, tests were conducted with batches of 15 runs using the scolecite dataset. The best residual was recorded after 500 iterations. Also recorded was the number of iterations required to reach within 0.2 of the expected residual up to a maximum of 2000 iterations. The statistics obtained from these data are shown in Table 1 .
There was a significant amount of scatter with high-value outliers in the data contributing to Table 1 The nuclear density map from Mn(TCNE) 2 Áz(CH 2 Cl 2 ) after application of asymmetric band flipping and low-density elimination. The blue colour represents the negative density of Mn (À3.73 fm), and the positive density increases from red (C atoms = 6.65 fm) up to yellow coloration (N atoms = 9.36 fm). The map appears pixelated because of the grid spacing used in the calculation, in this case 0.2 Å . concentrations near where hydrogen atoms would be expected. The use of the modified low-density elimination did help a little in this regard but did not solve the issue. Where asymmetric bands were used the density from the hydrogen atoms was tightly defined, even more so when low-density elimination was used, but this would not make the difference between locating or not locating an atom. It did seem to reduce the number of iterations at which the solution was found with asymmetric bands, but the speed of the program is such that there is little practical difference.
Conclusions
In many instances similar results with neutron data could be obtained using a two-step process, e.g. charge flipping to find the positive densities and Fourier difference to locate the negative densities. However, asymmetric band flipping provides an alternative approach and may also be used where negative scattering atoms predominate. As implemented in this study, asymmetric band flipping was shown to sharpen negative densities significantly better than symmetric band flipping. Use of a modified low-density elimination could sharpen the negative atom density further, but it would not make or break a structure solution. Carrying out band flipping in TOPAS is very fast (about 60 iterations per second with a dual-core laptop) so could even be used to screen data being collected for refinement as opposed to structure solution. Band flipping of X-ray datasets with sparse densities as demonstrated by Palatinus et al. (2011) could also be attempted using TOPAS, although in that case symmetric bands should be perfectly adequate as there are no real negative densities to benefit from sharpening. 
